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Available online 7 October 2014AbstractWe used observational and experimental analyses to investigate the photosynthetic activity and water relationships of five lichen
species attached to different substrates in a glacier foreland in the High Arctic, Ny-Ålesund, Svalbard (79N) during the snow-free
season in 2009 and 2010. After the rains ceased, lichens and their attached substrates quickly dried, whereas photosynthetic activity
in the lichens decreased gradually. The in situ photosynthetic activity was estimated based on the relative electron transportation
rate (rETR) in four fruticose lichens: Cetrariella delisei, Flavocetraria nivalis, Cladonia arbuscula ssp. mitis, and Cladonia
pleurota. The rETR approached zero around noon, although the crustose lichen Ochrolechia frigida grown on biological soil crust
(BSC) could acquire water from the BSC and retain its WC to perform positive photosynthesis. The light-rETR relationship curves
of the five well-watered lichens were characterized into two types: shade-adapted with photoinhibition for the fruticose lichens, and
light-adapted with no photoinhibition for O. frigida. The maximum rETR was expected to occur when they could acquire water
from the surrounding air or from substrates during the desiccation period. Our results suggest that different species of Arctic lichens
have different water availabilities due to their substrates and/or morphological characteristics, which affect their photosynthetic
active periods during the summer.
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Lichens are symbiotic photoautotrophs that can
grow in extreme environments, such as deserts, and
high alpine, and polar regions, where they often
dominate and play an important role in carbon fluxes
398 T. Inoue et al. / Polar Science 8 (2014) 397e412(Ahmadjian, 1995; Kappen, 2000). Bare ground was
exposed after the retreat of glaciers in the glacier
forelands of the High Arctic, which a diversity of
lichens and some mosses colonized during the early
successional stage to become typical pioneer flora of
the foreland (Brattbakk, 1986; Elvebakk and Hertel,
1996; Hodkinson et al., 2003).
Some lichens living in the polar region can carry
out photosynthesis and respiration under frozen
conditions (Kappen et al., 1996; Pannewitz et al.,
2003). However, low solar elevation and snow
cover further decrease the availability of solar radi-
ation during the cold season in the High Arctic re-
gions. Thus, photosynthetic production by lichens in
the High Arctic regions is thought to occur mainly
during the short snow-free summer. However,
photosynthesis in the summer is sometimes limited
due to low water availability, which occurs mainly in
the desiccation period after rain (Longton, 1988;
Uchida et al., 2006).
Lichens are poikilohydric organisms and the water
content (WC) of their thalli is strongly dependent on
the general water status of their surroundings (Walter,
1973; Green and Lange, 1995). Several laboratory
and field studies have indicated that photosynthetic
activity was highly enhanced when the WC of thalli
was increased by the supply of liquid water from rain
or fog, whereas it rapidly decreased when the sup-
plies were stopped (Lange, 2003; Reiter et al., 2008).
Photosynthesis of green algal lichens is affected by
rain, mist, dewfall, and high humidity (above 90%),
whereas photosynthesis of cyanobacterial lichens is
affected only by rain (Lange et al., 2001). Lichens are
thought to photosynthesize in High Arctic environ-
ments due to several morphological and distributional
adaptations that combat desiccation; e.g., the acqui-
sition of water from humid air (Lange and Kilian,
1985; Reiter et al., 2008) or substrate moisture
(Harris, 1971). However, studies on the different
water availabilities for various lichen species and
their in situ photosynthesis under ambient conditions
are still needed to evaluate the photosynthetic per-
formance and ecological success of lichens in the
High Arctic (Kappen, 2000).
In the present study, we used field observations
and experimental analyses to investigate the photo-
synthetic activity based on different water availabil-
ity for five lichens attached to different substrates
during the snow-free season in the High Arctic
glacier foreland.2. Materials and methods
2.1. Study site
Field studies were carried out on the glacier fore-
land of Austre Brøggerbreen (78550N, 11500E), 2 km
southwest of Ny-Ålesund in the Svalbard archipelago
(Fig. 1) on 8e17 August 2009 and 15e22 July 2010.
From 2001 to 2008, the annual mean air temperature in
this area was 4.2 C, the mean annual precipitation was
433 mm, and the snow-free period was about 2 months
(JulyeAugust) (Uchida et al., 2010). The rainfall at the
study site during the snow-free season from 2007 to
2011 occurred on average at 4.6-day intervals (Inoue,
2013), and humidity decreased after intermittent rain-
fall (Fig. 2; Maturilli et al., 2013). The samples were
collected from an area where the target lichens domi-
nated, according to previous studies of the glacier
foreland (Brattbakk, 1986; Inoue et al., 2011).
2.2. Lichen species used
We selected five lichen species that are distributed
throughout the glacier foreland in Ny-Ålesund area,
and are also common in the Arctic (Elvebakk and
Hertel, 1996). The characteristics of the lichen spe-
cies are as follows.
(1) Cetrariella delisei (Bory ex Schaer.) K€arnef. & Thell:
fruticose lichen mainly growing on vascular plant litter
and moss litter, sometimes on biological soil crust (BSC)
and gravel. Densely distributed throughout the area.
(2) Flavocetraria nivalis (L.) K€arnef. & Thell.: fruticose
lichen growing on vascular plant litter. Distributed in
patches throughout the area.
(3) Cladonia arbuscula ssp. mitis (Sandst.) Ruoss.: fruticose
lichen growing on moss litter. Distributed in patches
throughout the area.
(4) Cladonia pleurota (Fl€orke) Schaer.: fruticose lichen
growing on BSC. Distributed in patches throughout the
area.
(5) Ochrolechia frigida (Sw.) Lynge.: crustose lichen mainly
growing on BSC, sometimes vascular plant litter, moss
litter, and gravel. Densely distributed throughout the
area.
All species are composed of a green algae photo-
biont. In the study area, the fruticose lichen C. delisei
and the crustose lichen O. frigida have low substrate
specificity, and the other three fruticose species have
high substrate specificity. To confirm identification,
morphology was observed using a stereomicroscope
Fig. 1. Map of the Austre Brøggerbreen glacier foreland, southwest of Ny-Ålesund, Svalbard archipelago, showing the location of the study areas
in 2009 and 2010. The contour interval is 2 m: and- indicate the positions where photosynthetically active radiation (PAR) and precipitation
were recorded, respectively. Dashed square indicates the sampling area and the location where PAR and relative humidity were recorded.
Fig. 2. Climate data (precipitation and relative humidity) for Ny-Ålesund during 2009. Bars and lines indicate precipitation (daily) and relative
humidity (hourly), respectively. The data for relative humidity are from the Alfred Wegener Institute, Potsdam, Germany (Maturilli et al., 2013).
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analyses were performed using thin layer chromatog-
raphy according to the method of White and James
(1985).
2.3. Measurement of environmental parameters
Photosynthetically active radiation (PAR) was
recorded at 1-h intervals using a data logger (Kadec21-
UP; North One Co., Sapporo, Japan) with a planar
sensor (Li-190SA, Li-Cor, Lincoln, NE) during 8e16
August 2009. The sensor was installed on the obser-
vatory roof deck of a Japanese research station, which
was located near the glacier foreland (Fig. 1). PAR that
reached the lichen thalli (including direct and reflected
radiation) and the temperature and relative humidity
(RH) were recorded at 1-h intervals using a PAR logger
with a spherical sensor (MDS type-L, Alec Co., Kobe,
Japan) and a temperature/humidity data logger (TR-72,
T&D Co., Matsumoto, Japan), respectively. These
were placed on the ground at the sampling site, with
their sensors located 1 cm above ground level.
Daily precipitation was recorded using a data logger
(Kadec-PLS-II; North One Co., Sapporo, Japan) with a
tipping bucket rain gauge (detectable limit, 0.1 mm).
The equipment was installed on the foreland at the
sampling site (Fig. 1).
2.4. Water content of lichen thalli and their substrates
To determine the WC of lichen thalli and their sub-
strates, we collected three samples of both thalli and
substrate (1 cm depth under thalli). Samples were trans-
ferred into plastic bags at the sampling area daily at noon
during 8e14 August, with the exception of 13 August.
During 11e12 August, additional sampling was carried
out at 21:00e23:00, 03:00e05:00 and 14:00e16:00 localtime. Each sample was immediately weighed (fresh
weight, FW) and then dried at 80 C for 12e98 h until it
reached a constantweight (dryweight,DW). TheWC(%)
of each sample was calculated as follows:
WC¼ ðFWDWÞ=DW 100 ð1Þ
To determine the amount of water in the lichen
substrates, each substrate was collected volumetrically
from the surface to 1-cm depth using a cylindrical
stainless steel cup (c. 3.24p cm3). The fresh weight of
each sample was determined (fresh weight, FWVWC),
and then dried at 80 C for 12e98 h until it reached a
constant weight (dry weight, DWVWC). The volumetric
water content (VWC, ml/cm3) of each sample was
calculated as follows:
VWC¼ ðFWVWCDWVWCÞ=ð3:24pÞ ð2Þ
The relationship between WC and VWC was fitted
using a linear least-squares analysis. The VWC of the
lichen substrates were calculated as follows:
VWC¼ aWCþ b ð3Þ
where a is a coefficient of the proportion and b is the y-
intercept, which indicates the gap volume of the substrate.
2.5. Estimation of water potential
The water potential (WP, MPa) of the air was
calculated using the air temperature and RH observa-
tional data as follows:
WP¼ R=MT lnðRH=100Þ=1000 ð4Þ
where R is the gas constant (8.3143 J mol1 K1), M is the
molar mass of water (0.018 kg mol1), and T is the temper-
ature (Kelvin) at the sampling site.
The WP in the lichen thalli and substrates at various
WCs were measured using a dew-point potential meter
(WP4, Decagon Devices, Pullman) at 24 C under the
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continuous mode for 30e60 min until a stable value
was reached. The collected thalli and substrates were
well-watered initially and the FW and WP were
measured. During the gradual drying of samples,
similar measurements of FW and WP were repeatedly
taken. Finally, the DW of the samples was determined
and the WPs at various WC levels were calculated. The
in situ WPs of lichen thalli and their substrates were
estimated according to Thornley (1976) and Uchida







whereWP(WC) is thewater potential estimated using theWCfor
each measurement, a is the initial slope of theWPeWC curve,
WPmax is the asymptotic value of WP and q is a dimensionless
constant (0.8). The temperature difference between the labo-
ratory and field conditions was corrected as follows:
WP¼WPðWCÞ

tlab  tfield ð6Þ
where tlab and tfield are the temperatures (Kelvin) in the lab-
oratory (297 K) and at the sampling site for each
measurement.
2.6. Chlorophyll fluorescence measurement
We applied the chlorophyll fluorescence method to
quantify the physiological condition of photosystem
II during the experimental analyses and field obser-
vations. The thalli of five lichen species were placed
on paper wipes that had been soaked with water and
kept for 24 h in the dark at 24 C to reach their well-
watered, dark-adapted state. A sample was placed
into a cuvette under dark conditions and its chloro-
phyll fluorescence was determined using a pulse-
amplitude modulation fluorometer (Water PAM,
WALZ GmbH, Effeltrich, Germany). Actinic and
saturation light were provided by an LED-lamp that
did not incur any major direct heating. The quantum
yield of photosystem II (PSII yield) was measured at
different light intensities using a light curve experi-
mental protocol (Win-control, WALZ) with 12 step-
wise actinic light intensities (29, 44, 67, 99, 152, 224,
342, 510, 724, 1004, 1639, and 2394 mmol m2 s1 of
PAR with 10 min duration) and >4000 mmol m2 s1
of a saturating pulse for 0.8 s duration to determine
the light photosynthetic rate (determined as the
relative electron transport rate, rETR). The PSII yield
at each actinic intensity was used to estimate the
rETR during photosynthesis, as proposed by
Schreiber et al. (1998).To evaluate the physiological condition of photo-
system II in situ, the PSII yield was determined for
samples within 5 min of being freshly collected, using
a Water-PAM fluorometer. Each harvested sample was
immediately placed into a cuvette under dark condi-
tions for a rapid light curve experiment, which was
controlled by Win-control software, and run at nine
stepwise actinic light intensities (4, 195, 302, 449, 640,
894, 1186, 1486, and 1800 mmol m2 s1) of PAR with
25 s of exposure. The saturation pulse intensity and
duration were the same as that in the previous exper-
iment (>4000 mmol m2 s1 for 0.8 s). The measure-
ments were taken under ambient temperature,
moisture, and WC conditions in the sampling area.
Using the relationships produced by the rapid light
curve experiment, the rETRrapid was calculated using
Equation (7) and the rETRePAR relationships were
calculated using a curve-fitting equation (Eilers and
Peeters, 1988; Ban et al., 2006) and a Lev-
enbergeMarquardt regression algorithm with the
KaleidaGraph program (Synergy Software Co.).
rETRrapid ¼ PAR

aPAR2 þ bPARþ c ð7Þ
where a, b, and c are regression coefficients to fit to the curve.
The rETRrapid was estimated using the ambient PAR data in
Equation (8) for estimation of the photosynthetic activity in
situ.
2.7. Water balance measurement
To estimate the effect of different substrates on the
water availability for lichens, data were compared for
C. delisei and O. frigida on gravel, litter, and BSC
from alternate days during 15e22 July 2010. The WC
and rETRrapid were measured using the same pro-
cedures described above. Additional treatments were
used to estimate the water balance in situ during the
experimental period. Each thallus was detached from
its substrate and the fresh weight (FW1) was measured
before placing the thallus on a plastic needle point
holder (Fig. 3) and replacing it at the sampling site on
17, 19, and 21 July. On 19 and 21 July, the replaced
thallus and the freshly harvested thallus from the same
substrate at the sampling site were collected, and we
measured the replaced thallus weight (FWrep) and the
fresh weight of a new sample (FW2). These samples
were dried at 80 C for 12e98 h until they reached a
constant weight, which was used to calculate the dry
weights of both samples (DW1, DW2).
The water balance (WB, %) between the air and
thalli (WBaet) and the substrate and thalli (WBset)
were calculated as follows:
Fig. 3. Image of the experiment used to estimate the water balances
in situ between the air and lichen, and the substrate and lichen.
Lichen thalli were detached from their substrate and set on a plastic
needle-point holder to stop water flow between the thallus and its
substrate. These thalli were collected concurrently with new samples
of freshly harvested thalli on 19 and 21 July 2010.















An analysis of variance (ANOVA) test with a
TukeyeKramer post hoc test was performed using the
KaleidaGraph program (Synergy Software Co.) to
determine whether there were statistical differences
between lichen thalli and their substrates. P-values of
<0.05 were considered statistically significant.
3. Results
3.1. Light and water conditions of lichens and their
substrates
Approximately 500 and 1500 mmol m2 s1 of PAR
reached the ground surface around noon during cloudy
and clear daytime periods, respectively, according to the
planar sensor readings. PAR beside the lichen thalli,
which resulted from direct sunlight and reflection. was
about 1000 and 2000 mmol m2 s1 during cloudy and
clear daytime periods, respectively (Fig. 4a).
Rainfall was recorded on 8, 9, and 10 August 2009,
after which there was no further rain. The RHremained at 100% during the rainfall and it showed a
decrease during the daytime. After 11 August, the RH
showed wide diel fluctuations (Fig. 4b). The air water
potential remained at 0 MPa during the rainfall and
showed a during the daytime from 11 August until the
end of our observations (Fig. 4c).
The VWC of the litters (moss, vascular plants, and a
mixture of both) were estimated to be 0.1e0.2 ml/cm3
during 9e10 August, after which it decreased to
<0.1 ml/cm3. By contrast, the VWC of the BSC was
estimated as 0.5e0.7 ml/cm3 during 9e10 August,
after which it decreased to <0.2e0.4 ml/cm3 from 11
August (Fig. 4d). The WC of all lichens decreased
uniformly from 100% to 20%e40% during 9e11
August, after which the values were <20% (Fig. 4e).
The WPs of all substrates were almost zero during
the rainfall, but they decreased to less than 20 MPa
after 11 August (Fig. 5a). The WP of all thalli started to
decrease from 10 August. In particular, the WP of C.
delisei decreased more rapidly compared with the other
species on 10 August, and WP of C. arbuscula ssp.
mitis rapidly decreased on 11 August (Fig. 5b). The WP
differences between substrates and thalli had negative
values (0 to 30 MPa) throughout the observation
period with the exception of F. nivalis on 14 August
(Fig. 5c). The differences between all lichens and their
substrates had large negative values around 11e12
August, after which their differences decreased.
3.2. Relative electron transport rate (rETR) light
curves of lichens
Well-watered lichens did not differ significantly in
terms of the maximum rETR (140e160) (Fig. 6). The
maximum rETR for C. delisei, F. nivalis, C. arbuscula
ssp. mitis, and C. pleurota occurred at about
500 mmol m2 s1 and the rETR decreased with a
higher PAR at >500 mmol m2 s1. By contrast, the
rETR of O. frigida did not indicate significant light
inhibition at >1000 mmol m2 s1.
In situ measurements of rapid light curves clearly
indicated that all lichens experienced gradual decreases
in rETRrapid with desiccation (Fig. 7). During rainfall,
the curves of all samples showed a steep increase in
rETRrapid with increasing PAR (Fig. 7). The curves of
C. delisei and F. nivalis were significantly lower on 10
August and their rETRrapid were close to zero at all
PAR values (Fig. 7). The rETRrapid of C. arbuscula ssp.
mitis, and C. pleurota remained at about 50% of their
rates on 10 August, and the values decreased to almost
zero under all measured PAR conditions after that
(Fig. 7). The curve of O. frigida was lower on 11 and
Fig. 4. Diurnal course (8e15 August 2009) of (a) PAR (planar and spherical sensor), (b) relative humidity (RH) and precipitation, and (c) air
water potential. The mean of three different experiments and their standard deviations for each lichen species during the observation period are
plotted for (d) daily changes in volumetric water content (VWC) of substrates, and (e) water content (WC) of lichen thalli. The PAR scores of the
spherical sensor were not logged on or after 13 August due to a configuration error.
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the rates measured on 9 August on those days.
3.3. Estimation of photosynthetic activity with
ambient light around noon
Under ambient conditions, all lichens showed a
gradual decrease in their estimated rETR with desic-
cation (Figs. 4, 5 and 8). The rETR of C. delisei and F.
nivalis decreased on 10 August and subsequently
approached zero. The rETR decreases of C. arbuscula
ssp. mitis and C. pleurota were estimated to occur on11 August, after which they approached zero. The
rETR of O. frigida decreased on 11 and 12 August,
although it retained about 25% of the rate for every
PAR that was estimated on rainy days.
3.4. Diel changes of the rapid rETR light curves and
the estimation of photosynthetic activity in situ
Further rapid light curve experiments were con-
ducted to test for diel changes in photosynthetic ac-
tivity. The light curves for the fruticose lichens (i.e., C.
delisei, F. nivalis, C. arbuscula ssp. mitis, and C.
Fig. 5. Daily changes in the water potential (WP) of (a) substrates, (b) lichen thalli, and (c) their differences calculated by subtracting (a) from (b)
during 9e15 August 2009. The mean of three different experiments and their standard deviations are plotted.
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of the night (21:00e23:00), early morning
(03:00e05:00), and afternoon (14:00e16:00) (Fig. 9).
The rETRs for a given PAR were detectable in the
middle of the night and they were highest in the early
morning, whereas almost no rETRs were recorded in
the afternoon. The light curves for O. frigida also
showed slight diel changes, but the difference was
small compared with that for the fruticose lichens.
Ochrolechia frigida was recorded to have an rETRrapid
of about 120 under the experimentally-exposed PAR
(1800 mmol m2 s1) in the afternoon, whereas theother four fruticose lichens had almost negligible rates
(Fig. 9).
3.5. Estimation of diel photosynthetic activity in situ
Using the rapid light curves and ambient PAR in the
middle of the night, early morning, and afternoon, we
estimated the rETRs of the five lichens, which we
expressed using the WC data for each lichen, RH, and
PAR as shown in Fig. 10. The RH at the start of the
experiments was about 90% and it increased to 100%
during the middle of the night, where it remained until
Fig. 6. Light response of photosynthesis for five lichens under well-
watered conditions. Changes in the relative electron transfer rate
(rETR) are plotted against PAR intensity. The mean of three different
experiments (symbols) and their standard deviations are plotted
(vertical bars). There were no significant differences in the maximum
rETRs (60e70 mmol electron m2 s1) between all lichens (Turkey
test; P > 0.05).
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<85% at the end of the experiments (Fig. 10a). The
WCs of all lichens were 20%e30% at the starting
point (Fig. 10a). The WC of the fruticose lichens
increased gradually during the night and reached
40%e60% in the early morning, before decreasing to
about 20% in the afternoon. By contrast, the WC of O.
frigida remained at about 20% throughout the period.
The estimated rETR of each fruticose lichen was
highest in the early morning, and became negligible in
the afternoon (Fig. 10b), although the rate of O. frigida
was highest in the afternoon. A spherical sensor
measured the PAR to be about 85e200, 200e350, and
800e1000 mmol m2 s1 during the middle of the
night, early morning, and afternoon, respectively
(Fig. 10b).
3.6. Estimation of the water balance
To evaluate the actual amount of water moving
between the thalli, air, or substrate, we examined the
WB based on separate field studies undertaken the
following year. The study included different water
conditions: rain (19 August 2010) and after rain (21
August 2010). The PSII yield was also measured using
freshly harvested samples to determine the physiolog-
ical condition of lichens. We recorded 1.1 and 2.4 mm
of rainfall at the sampling site on 19 and 20 August,
respectively, and there was no further rain.
On 19 August, there were no significant differences
in WC of C. delisei thalli collected from three different
substrates, whereas the WC of O. frigida differed be-
tween substrates. The WC of O. frigida on BSC (54%)was lower than on the two other substrates (Table 1).
The water balance between the air and thalli (WBaet)
was positive during this period for all samples, indi-
cating that water was supplied to the thalli by rain
(Table 1). The amount of water supplied to O. frigida
growing on gravel (33%) was lower than to C. delisei
and growing on the other substrates. The WB was
negative between the substrate and thalli (WBs-t) of
lichens on BSC and C. delisei on litter, which indicates
that water was released from the thalli to the substrate.
In particular, O. frigida grown on BSC released about
half (45%) of the water supplied from the air (89%)
to its substrate. The PSII yields of all samples were
positive and they ranged between 0.3 and 0.4, with the
exception of O. frigida on gravel (0.16).
On 21 August, there were no significant differences
in the WC of C. delisei grown on three different sub-
strates, whereas the WC of O. frigida grown on BSC
(19%) was higher than that on the other two substrates
(Table 1). The WBaet for all samples were negative,
which indicates that water evaporated from the thalli
into the air. The amount of water lost by evaporation
from O. frigida was less on BSC (47%) than on the
other samples. The WBst of all samples were small,
although the amount of water supplied from the sub-
strate to O. frigida thalli was significantly higher on
BSC (12%) than that on the other samples. The PSII
yields of all samples were not detectable, with the
exception of O. frigida on BSC, which was 0.33, and
almost the same as that measured on the previous rainy
day.
4. Discussion
Water availability during the snow-free season in
High Arctic terrestrial ecosystems is a major factor
limiting photosynthetic production and plant growth
(Longton, 1988). Mosses and lichens are important
pioneer primary producers, even in the glacial fore-
lands where melt water is supplied by glaciers; how-
ever, they often experience severe water shortage that
limits production (Uchida et al., 2006). We conducted
studies during two separate summers that clearly
indicated that the lichen species investigated and their
attached substrates dried up quickly after the rain
stopped, whereas the thallus WC of all lichens
decreased rapidly, independent of growth form, to
<20% within one or two days after the rain stopped
(Fig. 4; Table 1). Cetrariella delisei, F. nivalis, C.
arbuscula ssp. mitis, and C. pleurota collected around
noon, with thalli WCs of <20%, conducted almost no
photosynthesis at any light intensities according to
Fig. 7. Daily changes in the light response curve of photosynthesis for five lichens in situ during 9e15 August 2009. Changes in the relative
electron transfer rate (rETRrapid) are plotted against PAR intensity. The means of three different experiments and their standard deviations are
plotted.
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experiments (Fig. 7), and their estimated rETRs under
ambient conditions around noon were almost zero
(Fig. 8).
It is well known that lichens in the Arctic some-
times experience severe desiccation, which decreases
their thalli WC to <15% and completely stops their
photosynthetic activity (Hajek et al., 2001; Reiter et al.,
2008). Studies to evaluate the relationships between
WC in the thallus of lichens and their photosyntheticactivity under laboratory conditions have suggested
that C. delisei, F. nivalis, and C. arbuscula ssp. mitis
cease to photosynthesize when their WC drops below
20%e40% (Lechowicz and Adams, 1973;
Schipperges, 1992; Uchida et al., 2006). Thus the
WC of these three lichens and C. pleurota were well
below the critical WC range around noon a few days
after the rain stopped, indicating a photosynthetic
limitation due to water shortage. However additional
measurements of diel changes in the rapid light curve
Fig. 8. Daily change in the estimated rETR of five lichens in situ during 9e15 August 2009. Not all the photosynthetic signals of lichens were
measured, so the estimated rETRs of all lichens on 14 August were treated as zero. The mean of three different experiments and their standard
deviations are plotted.
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synthetic limitations around noon, but their WC and
photosynthetic activity recovered with humidity in-
creases during the night (Fig. 10). During the night, the
RH increased to 100% (WP in air ¼ 0 MPa), which
produced a high water potential gradient between the
air and the dried thallus; thus, the thallus could acquire
water from the surrounding air. A similar diel reac-
tivation of photosynthesis after rehydration from the
surrounding air has also been reported; it is generally
considered that photosynthesis of green algal lichen is
reactivated by high humidity (Lange et al., 2001;
Green et al., 2002; Reiter et al., 2008).
All four lichens with a fruticose growth form could
more easily capture water vapour from the atmosphere
in the morning. Their thalli protrude from the substrate
and are branched, thus providing an enlarged surface
area, and their thalli water potentials (less than
20 Mpa) were well below the atmospheric water
potential (0 Mpa in 100% RH) (Lange et al., 1986;
Lange, 1988; Green and Lange, 1995). By contrast,
the crustose lichen O. frigida attached to BSC did not
seem to acquire sufficient water from the atmospheric
moisture and the WC of its thalli showed no significant
increase in the morning (Fig. 10a). Thus, differences in
the growth form (i.e., fruticose or crustose) seem to
have a large effect on the aerial volume of thalli and
thalli interactions with the surrounding air. Therefore,
the amount of water captured from the air in the
morning may differ greatly between fruticose and
crustose lichens (Larson, 1981; Larson and Kershaw,
1976; Sancho and Kappen, 1989), although the water
potential between the air and thalli was similar be-
tween these lichens. The four fruticose lichens can
capture atmospheric water vapour in the morning, butthey lost water easily when the RH fell below 90%,
which led to a rapid WP decrease (less than 20 MPa)
in the air (Fig. 10a). By contrast, O. frigida appeared to
be better morphologically adapted for acquiring water
from their substrate compared with that by the other
four fruticose lichens.
It has previously been suggested that substrate
moisture affects the ecology of Arctic lichens (Kappen,
1973; Wynn-Williams, 1993; Cannone et al., 2004),
and that substrate moisture has a direct effect on lichen
photosynthesis (Harris, 1971). Our experimental mea-
surement of WB in the second year clearly indicated
that the crustose lichen O. frigida could acquire water
from the BSC substrate and maintain positive photo-
synthetic activity during the desiccation period. We
found significant differences in the WC of O. frigida
grown on three different substrates after rain, and that
water transferred from the BSC increased the thallus
WC of O. frigida by 12% (Table 1). The WC of O.
frigida after air-drying was about 10%, thus the WC of
O. frigida on BSC can be estimated to reach about
20%, which may be sufficient to sustain photosynthesis
(Figs. 9 and 10b; Table 1). Ochrolechia frigida and C.
delisei are densely distributed throughout the foreland
at Ny-Ålesund and the other species are distributed in
patches throughout the area. It is suggested that the
type of attached substrate is an important factor
determining Arctic lichen distribution. Thus, the
attached substrate, growth form, or morphological
characteristics of lichen species seems to strongly
contribute to their colonization and distribution in the
Arctic (Kappen, 1973; Smith, 1993; van der Wal et al.,
2001; Derr et al., 2007; Holt et al., 2007). Gabmann
and Ott (2000) suggested that spinules under O. frig-
ida thalli may improve water accumulation by
Fig. 9. Diel changes during 11e12 August 2009 in the light response curves of photosynthesis for five lichens in situ. Photophysiological ac-
tivities determined by chlorophyll fluorescence analysis using a Water-PAM fluorometer. Changes in the relative electron transfer rate (rETRrapid)
are plotted against PAR intensity. The mean of three different experiments and the standard deviations are plotted.
408 T. Inoue et al. / Polar Science 8 (2014) 397e412enlarging the surface attached to the substrate, which
could possibly prolong the period of photosynthesis.
Our measurements of the WB during the desiccation
period support this hypothesis.
Although O. frigida had the ability to acquire water
from its substrates, this was limited because the sub-
strate had a low water retention ability. Ochrolechia
frigida was distributed on gravel, various plants litters,
and BSC at the study site, although it was mainly
distributed on BSC substrates where it was dominant.The first two substrates had lower water retention than
BSC according to the VWC (in Fig. 4c). Therefore, O.
frigida grown on the former two substrates can be
expected to acquire sufficient water and prolong
photosynthesis during the desiccation period. This may
cause its dominance on BSC at the study site. Ochro-
lechia frigida could acquire water from the BSC sub-
strate during the desiccation period, according to
calculations using the slope of the water potential
(Fig. 5) between the thallus and substrate, which could
Fig. 10. Diel changes (11e12 August 2009) in (a) the water content (WC) of thalli and the relative humidity (RH), and (b) the estimated rETR and
PAR (spherical sensor) in situ. The mean of three different experiments and their standard deviations are plotted.
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positive photosynthetic production period. Addition-
ally it is suggested that internal and external thallus
characteristics, such as cortex and hyphae density, are
associated with water retentivity among lichen speciesTable 1
Water content of thalli (WC), photosystem (PS) II yield, estimated water bala
between the substrate and thalli (WBset) forCetrariella delisei andOchrolech
crust, BSC) on 19 July (start of rain) and 21 July (after rain) 2010. The mean
shown. Mean values with different letters (a or b) are significantly different
WC (%)
19 July
Cetrariella delisei Gravel 115 ± 18a
Litter 88 ± 13a
Biological soil crust 96 ± 15a
Ochrolechia frigida Gravel 127 ± 27a
Litter 149 ± 28a
Biological soil crust 54 ± 30b
21 July
Cetrariella delisei Gravel 17 ± 2a
Litter 15 ± 1a
Biological soil crust 20 ± 3a
Ochrolechia frigida Gravel 11 ± 1a
Litter 13 ± 3a
Biological soil crust 19 ± 2b(Bu¨del and Scheidegger, 2008; Honegger, 2009).
Therefore, thallus water retentivity of O. frigida may
be significantly different from that of the four fruticose
lichens, and it may be caused by the difference in
photosynthetic production period.nce between the air and thalli (WBaet), and the estimated water balance
ia frigida growing on three substrates (gravel, litter, and biological soil
of three different experiments and their standard deviations (±SD) are
between the three substrates within a species (Tukey test, P < 0.05).
Maximum yield of PS ll WBaet (%) WBset (%)
0.34 ± 0.12 65 ± 34 33 ± 18
0.36 ± 0.03 88 ± 4 8 ± 8
0.34 ± 0.13 112 ± 64 33 ± 62
0.16 ± 0.00 33 ± 18 71 ± 10
0.39 ± 0.00 48 ± 26 91 ± 2
0.35 ± 0.00 89 ± 33 45 ± 36
0.00 ± 0.07 95 ± 10 3 ± 12
0.00 ± 0.09 77 ± 16 4 ± 2
0.00 ± 0.06 81 ± 13 5 ± 2
0.00 ± 0.00 117 ± 26 1 ± 2
0.00 ± 0.00 142 ± 28 5 ± 2
0.33 ± 0.12 47 ± 28 12 ± 2
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adapted species based on their habitat, light condi-
tions, and their secondary compounds (Solhaug et al.,
2003; Gauslaa and Solhaug, 2004). Lichens distrib-
uted on the glacial foreland in the Arctic, including our
samples, were traditionally categorized as sun-adapted
lichens because their habitat was directly exposed to
the sun on open ground; similarly, our sampling area
was open ground with a gentle slope across the steep
slope (Fig. 1). Few studies have considered the use of
the photophysiological responses to distinguish sun-
adapted (Lange and Green, 1996; Bartak et al., 2005)
and shade-adapted lichens (Demmig-Adams et al.,
1990). Based on the light-rETR measurements of
well-watered samples, we found two distinct patterns
in their light curves: a sun-adapted pattern with no
strong light inhibition, and a shade-adapted pattern
with strong light inhibition (Fig. 6). Ochrolechia frig-
ida had the former pattern, whereas the other four
fruticose lichens had the latter pattern. The maximum
rETRs of the four lichens were achieved at around
500 mmol m2 s1 PAR, which was close to the level
expected during the morning of a fine day during the
summer at our study site (Figs. 4 and 10). By contrast,
the light curve of O. frigida indicated no light inhibi-
tion at <2500 mmol m2 s1, which was expected at
around noon. These results suggest that the four
fruticose lichens at the study site may have experi-
enced photoinhibition induced by strong light damage
around noon during the summer if no water stress
affected their photosynthesis. However the rETRrapid
value and the changing trend of the light-rETR curves
differed between the laboratory (Fig. 4) and in situ
(Figs. 7 and 9) measurements for each species. These
differences are probably attributed to differences in
light exposure time, temperature, and/or dryness of the
lichen thalli. Schipperges (1992) reported that the
photosynthetic activity of C. delisei and F. nivalis
collected on Ny-Ålesund was significantly decreased
above 25 C, but relatively little decrease occurred at
low temperatures (0e5 C). Thus the temperature
dependence of photosynthesis should be considered in
future studies.
Lichens generally possess several mechanisms to
avoid photoinhibition, such as using secondary com-
pounds to screen harmful ultra-violet and excessively
strong light radiation (Solhaug et al., 2003; Gauslaa
and Solhaug, 2004), and their poikilohydric charac-
teristic of rapid dehydration in a desiccating environ-
ment. Typical diel changes in RH and temperature on
fine summer days cause significant changes in the
water potential of the air, and the subsequent thallusdehydration may reduce photo damage by spontane-
ously inactivating the photosynthetic processes; which
was evident by their light saturated photosynthesis at
>400 mmol m2 s1 PAR (Lange et al., 1970;
Demmig-Adams et al., 1990). The four fruticose li-
chens analysed in this study appeared to use the
dehydration strategy. It is noteworthy that the
maximum rETR of the four fruticose lichens occurred
with morning sun radiation levels. This suggests that
their light response for photosynthesis may be opti-
mized for photosynthetic production under shady
conditions when water vapour can be obtained from
the air due to the higher RH (and therefore WP) during
the morning in the water-limited glacier foreland.
By contrast, the crustose lichen O. frigida could
acquire water from the BSC substrate, and maintain
water within its thallus for a longer period during
desiccation. Therefore, O. frigida may have a strong
light tolerance or a light-adapted photosystem that can
carry out photosynthesis in strong direct sunlight.
Our study suggests that different species of Arctic
lichens experience different water availabilities due to
their substrates and/or morphological characteristics,
which affect their photosynthetic active periods and the
light conditions available for photosynthesis during the
short summers in the High Arctic.
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